Most exoplanetary systems in binary stars are of S-type, and consist of one or more planets orbiting a primary star with a wide binary stellar companion 1,2 . Planetary eccentricities and mutual inclinations can be large 3,4 , perhaps forced gravitationally by the binary companion [4] [5] [6] . Earlier work on single planet systems 5,7-10 appealed to the Kozai-Lidov instability 11,12 wherein a sufficiently inclined binary orbit excites large-amplitude oscillations in the planet's eccentricity and inclination. The instability, however, can be quenched by many agents that induce fast orbital precession, including mutual gravitational forces in a multiplanet system 5, 13 . Here we report that orbital precession, which inhibits Kozai-Lidov cycling in a multiplanet system, can become fast enough to resonate with the orbital motion of a distant binary companion. Resonant binary forcing results in dramatic outcomes ranging from the excitation of large planetary eccentricities and mutual inclinations to total disruption. Processes such as planetary migration 14,15 can bring an initially non-resonant system into resonance. As it does not require special physical or initial conditions, binary resonant driving is generic and may have altered the architecture of many multiplanet systems. It can also weaken the multiplanet occurrence rate in wide binaries, and affect planet formation in close binaries. It is well known that planetary orbital precession periods are often many orders of magnitude longer than planetary orbital periods. But it has not been appreciated that the precession periods in S-type multiplanet systems can be comparable with (or even in resonance with) the orbital period of a distant binary companion. Even if the precessional periods are initially not exactly resonant with the binary period, they can be brought into resonance by various processes, one of which is planetesimal-driven planetary migration 14, [16] [17] [18] (see Supplementary Information A). In the initial phase of migration a planet clears a gap in the planetesimal disk, resulting in either fast and long-range migration for a massive disk, or slow and short-range migration for a lighter disk 17 . Over the longer timescales of interest, mean motion resonances between the planet and planetesimals cause slow and long-range migration 15, 16 . The fiducial system has two planets on initially coplanar orbits around a solar-mass primary star: an interior 10M Jup planet on a circular orbit with an initial semi-major axis of a i in 5 5 astronomical units (AU), and an exterior 10M › planet with initial semi-major axis a i out between 8 AU and 11 AU and an eccentricity e i out 5 0.05 (where M Jup and M › are the masses of Jupiter and Earth, respectively). The binary is also a solar-mass star with semi-major axis a b . 100 AU and corresponding period T b and angular frequency n b . The outer planet is allowed to migrate outward owing to interactions with a planetesimal disk, with its semi-major axis having a prescribed form whose characteristic timescale is t. For the Solar System, there are plausible arguments that the migration time t . 10 8 yr (ref. 16) with a lower bound of t . 10 7 yr arguably needed to recover the properties of the Neptune Trojans
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This capture phenomenon may be called the Laplace-Lagrange mode evection resonance (LLER) because it is closely related to the lunar evection resonance 22, 23 . In Supplementary Information A we present an analytical model of LLER dynamics which is fourth order in planetary eccentricity and valid for arbitrary binary eccentricity. The theoretical prediction for the location of the exact resonance is shown as the dashed curve in Fig. 1a : whereas exact resonance is first met by a zero-eccentricity planet around a out < 11.875 AU, the planet circulating at e out < 0.05 encounters resonance a bit later (when a out < 11.89 AU), and then gets engulfed by a growing and migrating nonlinearly bounded resonance region. Prediction follows simulation in the mean until e out < 0.2; higher-order eccentricity expansion can improve the fit between model and simulation. Key dynamical features in and around resonance are discussed in Supplementary Information A.
Capture in LLER is probabilistic and depends on the strength of the resonance, the migration rate and the initial planetary eccentricity at which LLER is encountered. For t < 10 4 T b (or 224 Myr) and initial e out 5 0.05, N-wire simulations with ensembles of fiducial systems (a hundred such systems with randomly chosen outer-planet periapse) show capture of the planetary system in LLER in more than two-thirds of the cases; as discussed in Supplementary Information A, capture becomes certain as the migration rate is slowed down by two orders of magnitude. For t < 4.5 3 10 3 T b (or 100 Myr), capture probability is smaller at about 0.3; for the shorter t < 3 3 10 3 T b , encounter of LLER with e out < 0.05 leads to non-adiabatic passage, which could still excite e out to 0.1. Capture is likely to improve in tighter S-type systems: for a b 5 200 AU and a in 5 5 AU, evection is crossed at a out < 7.43 AU, with faster apse-precession and a stronger resonance, in the course of migration. Having described the broad secular skeleton of LLER, we note that the full problem is richer, owing to the interplay with planetary mean-motion resonances (PMMR). To study this, it is necessary to perform simulations that do not average over planetary mean motions. Below we present two such N-body simulations with the open-source package MERCURY 18, 24 . The first MERCURY experiment is the unaveraged analogue of the N-wire simulation of Fig. 1 , and its results for t 5 100 Myr < 4.5 3 10 3 T b are displayed in Fig. 2 . Signs of PMMR are apparent in Fig. 2a , in the jumps experienced by the semi-major axis of the outer planet as it migrates. The system is captured in LLER with consequent growth of the eccentricity (Fig. 2b) , and libration of the resonant argument ( Supplementary Fig. 2a) . What is remarkable though, and distinct from the N-wire experiment, is the non-monotonic behaviour of the mean eccentricity of the LLER-locked planet, leading to escape from LLER altogether, eventually settling at e out < 0.12. We associate this behaviour with enhanced angular momentum exchange at PMMR, a novel variation on the classical evection that deserves further study. Of the four PMMR located near a out < 12.56 AU the strongest is the 4:1 resonance, with argument w 4:1 5 4l out 2 l in 2 3$ out ; a short time segment of w 4:1 is shown in Supplementary Fig. 2b .
In the second MERCURY experiment, the binary orbit had eccentricity 0.4 and inclination 40u, which are modest values for wide binaries. Figure 3a shows, for t 5 4.4 3 10 8 yr < 2 3 10 4 T b , a 3:1 PMMR exciting e out to 0.1 at t < 21 Myr, with capture in LLER at t < 72 Myr when a out < 11.92 AU. As earlier, passage through the 4:1 resonance forces the outer planet out of LLER. This is followed by another excitation around 120 Myr, associated with passage through a 9:2 resonance; and then through a cluster of resonances around 14.63 AU. Meanwhile a out grows with jumps at the PMMR ( Supplementary Fig. 3a) , and w res transits in and out of libration during LLER (Supplementary Fig. 3b ). Both a out and e out diffuse until the planet is ejected from the system altogether. Ejection is not a necessary outcome, but is often associated with PMMR when both a out and e out are large. In Fig. 3b we follow the excitation of the mutual inclination to 12u, owing to coupling within LLER-lock, of eccentricity and inclination by a vertical resonance, which is followed by another excitation to 14.7u.
Of about 475 multiple planet systems in the Open Exoplanet Catalogue 25 , about 124 (with a total of 322 planets) have reasonably well established planetary minimum masses and semi-major axes. Using minimum planetary masses, we computed Laplace-Lagrange mode periods for all 124 systems, and found a distribution peaked around log[mode period (yr)] < 4 with full width at half maximum FWHM < 2; for larger masses the distribution will shift towards shorter periods. The binary orbital period was sampled, for 500 yr to 10 5 yr, from an Ö pik-type 26 distribution that is uniform in log[period (yr)], giving a mean of 3.85 and a full width of 2.3. The two distributions have broad overlap around a fiducial period of about 10 4 yr. Hence, even if a system is not initially in resonance, LLER is a distinct possibility because slow and long-range planetary migration 15, 16 can bring it into resonance. This would be so especially in multiplanet systems, which have a richer spectrum of mode frequencies than do two-planet systems.
To go beyond parametrized migration models, in Supplementary Information B we present preliminary simulations of planetary migration using disks of planetesimals. Supplementary Fig. 6 shows that LLER is felt just as strongly by the migrating outer planet. Supplementary Information C explores the 'science-fiction' scenario of LLER in the outer Solar System were the Sun to have a distant companion star. Supplementary Fig. 7 shows that Saturn gets captured in LLER with high capture probabilities. LLER may be responsible for the recently reported 27 dearth of multiplanet systems in moderately wide (a b , 1,000 AU) binaries. The extent to which LLER suppresses planet formation when a b , 20 AU 28 needs to be assessed within planet formation studies 29 . The richer mode spectra and stronger PMMR in multi-mass systems open more pathways for LLER disruption, and could well relieve an initial multiplanet system of all but one of its planets. T b . a, The 3:1 PMMR around t < 21 Myr excites e out to about 0.1. LLER is encountered around a out < 11.92 AU, at t < 72 Myr. b, Mutual inclination I is first excited to 12u and then to 14.7u.
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